SUMMARY
]SP (1) and septide [pGlu 6 ,Pro 9 ]SP(6 -11) (2) were originally described in 1986 as selective agonists of the tachykinin NK-1 receptor. However, the molecular basis for the action of septide on tachykinin receptors has been a paradox for the past 10 years (2) (3) (4) . This synthetic carboxyl-terminal analogue of SP (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-LeuMet-NH 2 ) has a very low binding affinity for any of the described tachykinin NK-1, NK-2, or NK-3 receptors (IC 50 values in the micromolar range) (5, 6) . Nevertheless, in numerous, but not all, in vitro preparations or in vivo experiments, septide is as active as SP (EC 50 values in the nanomolar range). Furthermore, specific NK-1 antagonists inhibit the action of septide; most of them are significantly more potent against septide-evoked than on substance P-evoked responses (3, (7) (8) (9) . All these observations led us to postulate the existence of "septide-sensitive" tachykinin receptors in the guinea pig ileum (3, 7) . This proposal was then supported by other groups who provided further pharmacological evidence for this paradoxical mode of action in other tissues (5) . However, this hypothesis has proved controversial, and other groups have also suggested that septide behaves as an agonist for the tachykinin NK-1 receptor, acting at a site distinct from SP (10). Huang et al. (11) speculated that septide may occupy only part of the binding site devoted to the undecapeptide SP. Both conclusions arose from experiments performed with CHO or COS cells transfected with the tachykinin NK-1 receptor (for a review, see Ref. 6) .
In CHO cells transfected with the tachykinin hNK-1 receptor cDNA, PI metabolism was similarly activated by both NK-1 agonists and previously classified "septide-like" molecules (i.e., peptides with low or micromolar affinity for specific NK-1 binding sites, respectively) (12) . Furthermore, an excellent correlation was found between the EC 50 values of several tachykinin analogues on IP production in CHO cells and their EC 50 values determined in the guinea pig ileum bioassay (13) . In contrast to PI turnover, cAMP production in CHO cells was stimulated only by NK-1 agonists, which present high affinity for [ 3 H][Pro 9 ]SP specific binding sites, with septide-like molecules being only weakly active (12) . Moreover, the activities (EC 50 ) of tachykinin analogues on cAMP pathway correlated with their affinities (IC 50 ) for specific tachykinin NK-1 binding sites (13) .
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Materials and Methods
Peptide solubility. All peptides were dissolved in water and stored at a concentration of 1 mM at Ϫ20°, except NKB (final concentration, 0.1 mM), which was dissolved first with DMSO (final concentration, 4%) and then diluted with 0.1 N NaOH (final concentration, 2%) and water. ALIE-124 stock solutions (1 mM) were prepared in DMSO.
Cell culture. CHO cells expressing hNK-1 receptors were cultured in Ham's F-12 medium supplemented with 100 IU/ml penicillin, 100 IU/ml streptomycin, and 10% fetal calf serum. Cultures were kept at 37°in a humidified atmosphere of 5% CO 2 . Stable transfectants were maintained by geneticin periodic selection. Deglycosylated cells were obtained after treatment every 24 hr for 40 hr with tunicamycin (5 g/ml) as previously described (15) . For experiments carried out with cholera toxin, the G s activator was added (1 g/ml) to the culture medium 20 hr before the experiments.
Membrane preparation from CHO cells. CHO cells were grown to confluence in 100-mm culture dishes. Membranes were then prepared as described with slight modifications (15) . Briefly, cells were first washed with 150 mM NaCl in 50 mM Tris-Cl buffer, pH 7.4 (8 ml), and detached with the same buffer containing 2 mM EDTA. Collected cells were centrifuged at 700 ϫ g for 15 min. The pellet was then resuspended in (0.5 ml/dish) 10 mM Tris-Cl buffer, pH 7.4, 1 mM EDTA, 0.5 mM PMSF, 40 g/ml bacitracin, 5 g/ml leupeptin, and 5 g/ml soybean trypsin inhibitor and further left on ice for 30-60 min. Cells were homogenized (10-15 times) and centrifuged at 900 ϫ g and then twice at 1000 ϫ g to remove debris. The resulting supernatant was centrifuged at 48,000 ϫ g for 30 min at 4°. The resulting membrane pellet was resuspended in 50 mM Tris-Cl, pH 7.4, 1 mM EDTA, 1 mM MnCl 2 , 1 mM MgCl 2 , 1 mM PMSF, 5 g/ml leupeptin, and 5 g/ml soybean trypsin inhibitor at a protein concentration of 0.3-0.5 g/l, as determined according to Bradford (16) .
Membrane preparations from rat submandibular glands. Male Sprague-Dawley rats (200-250 g; Charles River, Cléon, France) were used. Rat submandibular glands were rapidly removed and homogenized with a Kinematica apparatus for 15 sec in ice-cold HEPES buffer (20 mM, pH 7.4). After centrifugation at 30,000 ϫ g for 30 min at 4°, the pellet was resuspended at 4°for 5 sec in the same buffer containing 300 mM KCl and 10 mM EDTA. This suspension was incubated for 30 min at 4°with intermittent mixing and then centrifuged at 30,000 ϫ g for 30 min at 4°. The final membrane pellet was resuspended in Tris-Cl buffer (50 mM, pH 7.4) containing 3 mM MnCl 2 , 0.1% BSA, 200 g/ml bacitracin, 4 g/ml leupeptin, 2 g/ml chymostatin, 1 M amastatin, 5 M captopril, and 1 M phosphoramidon. Protein concentrations were determined according to Bradford (16) .
Synthesis of tritiated ALIE-124. [Met(O 2 )
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]SP(7-11) (21 nmol) in DMSO (3.3 l) was reacted with N-succinimidyl- [2,3- (O 2 ) 11 ]SP(7-11) with this gradient system was 7.3 min.
Binding assays on CHO cells. Binding assays were carried out both on whole cells and membranes. For binding assays using whole cells, different densities of cells were seeded onto 24- ]SP (0.3-0.7 nM, 65 Ci/mmol) for 100 min or with [ 3 H]ALIE-124 (2-5 nM, 95 Ci/mmol) for 70 min. These incubation times correspond to the binding equilibrium as determined from kinetics experiments performed under the same conditions. The incubation was stopped by aspiration of the supernatant and washing the cells three times with 0.5 ml of cold (4°) buffer. Cells were then lysed with 0.1% Triton X-100 (0.5 ml), and the radioactivity in the lysates was determined after the addition of Aquasol-2.
Membranes were also used and prepared as described above. In Eppendorf tubes, membrane suspension containing 5-10 g of pro- ]ALIE-124 as determined from kinetic studies. Incubation was stopped by centrifugation of the samples for 2 min at 13,000 ϫ g, washing the pellet with 1 ml of cold (4°) buffer, and centrifugation again for 1 min at 13,000 ϫ g. Radioactivity in the pellets was counted after the addition of Aquasol-2.
All determinations were carried out at least three times in duplicate. Nonspecific binding was estimated in the presence of 1 M concentration of the corresponding unlabeled peptide.
Binding assays on membrane preparations from rat submandibular glands. Rat submandibular gland membranes (60 l, ϳ150 g of protein/assay) were incubated at 20°(final volume, 200 l) for 15 Analysis of data. All binding studies (kinetics, saturation, competition) were analyzed with the program LIGAND (19) . The curves presented have been fitted using SIGMA PLOT software (Jandel Scientific, Erkrath, Germany).
Results
Design of a tritiated septide-like radioligand. As recently reported, acetyl-Arg-septide (CH 3 CO-Arg-Phe-PheGly-Leu-Met-NH 2 ), the water-soluble septide, was shown to behave as an NK-1 agonist in CHO cells transfected with the hNK-1 tachykinin receptor (12) . In contrast to septide, acetyl-Arg-septide presented an affinity in the nanomolar range for the specific binding site labeled with [ 3 H][Pro 9 ]SP, and acetyl-Arg-septide stimulated both PI and cAMP pathways; the production of cAMP is a specific signal for tachykinin NK-1 agonists (12, 13). In the same study, [pGlu 6 ]SP(6-11) behaved as a septide-like peptide (i.e., with an affinity for specific NK-1 binding sites in the micromolar range), being active only on IP production. These observations led us to search for the shortest carboxyl-terminal analogue of SP(6-11) that could be easily tritiated and still act as a septide-like peptide: a peptide with a micromolar affinity for specific tachykinin NK-1 receptor labeled with [ Preliminary results with [2,3-3 H]propionyl-SP(7-11) showed a gradual decrease in specific binding, suggesting that storage of this peptide in DMSO led to oxidation into the sulfoxides. This hypothesis was confirmed by the pharmacological properties of the corresponding synthetic sulfoxides and sulfone:propionyl-[Met(O) 11 ]SP(7-11) and propionyl-[Met (O 2 ) 11 ]SP(7-11) (i.e., ALIE-124). Indeed, on CHO cells transfected with the tachykinin hNK-1 receptor, the diastereoisomeric sulfoxides weakly stimulated PI turnover (EC 50 ϭ 650 nM), whereas the sulfone, ALIE-124, was as potent as propionyl-SP(7-11) on IP formation (EC 50 ϭ 37 and 12.5 nM, respectively) ( ]SP to membrane-bound NK-1 receptors was very fast, with a plateau reached after 5 min (Fig. 1B) ]SP specific binding was already displaced by an excess (1 M) of [Pro 9 ]SP, and after 6 min, 95% of the labeled peptide was replaced (Fig. 1B) . These association/dissociation rates to and from membranes were too fast to allow accurate determination of the kinetic parameters. The situation was different in intact CHO cells because equilibrium was achieved only after 90 min; dissociation kinetics of
]SP also were much slower (12 ]SP, the K d value (0.35 nM) was similar to that previously observed (12) , whereas that of [ (Table 2 ). After incubation with cholera toxin, the tachykinin hNK-1 receptor was uncoupled to G s , as demonstrated by subsequent experiments on cAMP production performed with [Pro 9 ]SP and ALIE-124 on these pretreated cells (data not shown).
Competition studies were performed with [ 3 H]ALIE-124 (2-5 nM) and different molecules on intact CHO cells expressing tachykinin hNK-1 receptors (Table 3 ]SP saturation binding experiments
Analyses were performed in untreated or tunicamycin-or cholera toxin-pretreated CHO cells transfected with the human NK-1 receptors, membranes prepared from CHO cells expressing human NK-1 receptors, and membranes prepared from rat submandibular glands, as described in Materials and Methods. Data were analyzed with the programm LIGAND and are the mean Ϯ standard error of at least three independent experiments performed in triplicate.
CHO cells CHO cell membranes
Rat submandibular gland membranes Ϫ Tunicamycin ϩ Tunicamycin ϩ Cholera toxin (1 g/ml) 9 ]SP were simultaneously added (each at 1 M), no additivity was observed between both responses (data not shown). Concentration-response curves of IP formation determined by incubation of the peptides with transfected CHO cells for 8 min showed that ALIE-124 is a weaker agonist (EC 50 ϭ 37 nM) compared with septide (2.4 nM) and [Pro 9 ]SP (0.8 nM) (Table 3 and Fig. 2A ). However, [Pro 9 ]SP and ALIE-124 showed different rates and different maximal responses in studies on cAMP accumulation (Fig. 2, B and C) . Kinetic analysis of cAMP formation indicated that ALIE-124 responses (10 M) and [Pro 9 ]SP responses (1 M) were partially additive (Fig. 2B) . Dose-response studies after 8 min of stimulation with both peptides showed that [Pro 9 ]SP was highly potent to evoke the formation of cAMP (EC 50 ϭ 10 nM), whereas ALIE-124, as septide (12) , was only a weak stimulator of the cAMP pathway (EC 50 Ͼ 5000 nM) ( Fig. 2C and Table 3 ). Nevertheless, ALIE-124 was not a partial agonist, as demonstrated by additivity experiments, because ALIE-124 (Յ100 M) was unable to antagonize responses to [Pro 9 ]SP. In the clone expressing lower amounts of receptor, [Pro 9 ]SP, septide, and ALIE-124 were unable to stimulate cAMP accumulation, both at concentrations ranging from 1 nM to 1 M for 10 min and at 10 M for 1 hr. Nevertheless, in this clone, these three agonists activated IP formation to the same extent. At maximal concentrations (1 M for [Pro 9 ]SP and septide and 10 M for ALIE-124), [Pro 9 ]SP, septide, and ALIE-124 elicit at the same rate the same maximal response after a 40-min stimulation. The relative potency of these peptides to stimulate IP formation were similar with both clones after 10 min of stimulation. All peptides were slightly less potent (ratio, 2-4), with the clone expressing a lower amount of tachykinin hNK-1 receptor (EC 50 ϭ 1.55 Ϯ 0.05, 10 Ϯ 3, and 90 Ϯ 10 nM for [Pro 9 ]SP, septide, and ALIE-124, respectively). With this clone, the responses elicited by septide and ALIE-124 seemed to be biphasic, with flat concentration-response curves (slope values ϭ 0.64 Ϯ 0.04 and ]SP added simultaneously (É). Intact CHO cells (10 5 /well) were incubated at 37°for the indicated times. CAMP accumulation was evaluated as mentioned in the text. Curves, mean Ϯ standard error of four independent experiments performed in triplicate. C, Concentration-response curves of cAMP formation were carried out on intact CHO cells at 37°for 8 min with either ALIE-124 (E) or [Pro 9 ]SP (F). Curves, best fit to the mean Ϯ standard error of five different experiments performed in triplicate.
